Abstract-This paper reports a study on a compact filter fabricated using hybrid integration of compound semiconductors and polymers. A GaAs epilayer is glued onto a polymer channel waveguide forming a highly asymmetrical directional coupler. This approach results in a narrow band filter due to very different dispersion characteristics of the compound semiconductor and the polymer materials. Furthermore, fiber coupling loss has been significantly reduced, since the input and output coupling is done through the polymer waveguide. Filtering characteristics can be engineered by changing the thickness and the length of the semiconductor epilayer. This can be done precisely using etch stop layers and noncritical lithography. The spectral response of such a filter can also be tuned electronically either using the electro-optic properties of the compound semiconductor or the thermo-optic properties of the polymer.
I. INTRODUCTION
W IDESPREAD use of Internet and information technologies almost in all aspects of our daily lives resulted in an ever-increasing demand for bandwidth. Fiber optic communication networks have the potential to satisfy this demand. Wavelength division multiplexing (WDM) is a common way of increasing the capacity of fiber optic communication networks. Filtering is one of the most important elements of this technology. There is a long list of requirements for WDM filters, such as low insertion loss, low crosstalk, flat passband, wide tunability, fast tuning, and low cost. It is difficult to satisfy all these requirements using a single technology. Fiber Bragg gratings offer low insertion loss, good crosstalk [1] . But they are long due to low index contrast, environmentally sensitive, and hard to tune. They can be tuned mechanically or thermally, but this tuning is slow [2] , [3] . Arrayed waveguide gratings combined with switches can offer fast tunable filtering with reasonable insertion loss, but they tend to be big [4] . Polymer gratings can be tuned slowly, but efficiently using thermal means [5] .
But they also tend to be long due to small index contrast [6] . Compound semiconductor gratings offer a large index contrast, hence, a compact device. Furthermore, electro-optic properties of compound semiconductors enable rapid tuning at least at the order of nanoseconds. However, coupling in an out of compound semiconductor waveguides using a cleaved optical fiber is lossy. One can deal with this coupling loss using mode transformers, but this requires a complex and expensive technology [7] . Another approach is to use mismatched directional couplers [8] and Mach Zehnder chains [9] . These devices are hard to tune in glass and polymer technology and suffer from the large coupling loss in compound semiconductor technology.
A possible solution to address the difficulties encountered in these technologies is a hybrid technology, which can be used to combine the best of different technologies. In this paper we present a study on the hybrid integration of polymers and compound semiconductors for WDM filtering applications. Utilization of commercially available polymers for the fabrication of fiber mode matched waveguides that serve as the input-output ports as well as the main waveguide for the device ensures low cost and overall low insertion loss. At the same time, utilization of compound semiconductors integrated with these waveguides as the filtering element ensures fast and wide tunability in a compact device. Moreover, novel processing technology needed to realize such a device can further be utilized for on chip integration of different WDM components.
In this paper, the principle of operation of the filter is described first. Then fabrication and the process details for the polymer waveguides and hybrid integration are given. This is followed by experimental results on the filter and its electronic tuning. Finally, conclusions are presented.
II. DEVICE DESCRIPTION
The generic schematic of the studied hybrid structure is shown in Fig. 1 . The polymer waveguide is an inverted rib structure, while the GaAs slab waveguide is an epilayer removed from its growth substrate. Together they act as a highly asymmetric directional coupler. GaAs and polymer materials have very different indices of refraction and , respectively. Furthermore, their index dispersion is also very different. It is well-known that such asymmetric couplers act as narrow band optical filters [10] . The effective index of the polymer waveguide is around 1.5 while the index of GaAs is about 3.4. Since the GaAs slab waveguide have air and polymer as claddings, it is usually multimoded. The highest-order mode has an effective index slightly higher than the index of polymer cladding. Therefore, it can match the index of the polymer waveguide, resulting in strong coupling between the only mode of the single mode polymer waveguide and the highest-order mode of the GaAs waveguide. The effective index dispersion of the highest-order GaAs mode and the polymer waveguide mode are shown in Fig. 2 for TE polarization. Strong coupling occurs at the wavelength where the two dispersion curves intersect. Coupling to the other modes of the GaAs slab guide is negligible due to very large phase velocity mismatch. Depending on the coupling coefficient and length , different degrees of power transfer to the GaAs guide is possible. Since the dispersion characteristics of the two modes are very different, away from the mode matching condition, phase mismatch rapidly increases forcing the coupling to rapidly diminish with changing wavelength. This results in narrow filtering characteristics.
We can approximate the mode-matching wavelength, , simply by matching the individual effective refractive index, , of the polymer waveguide mode with the effective refractive index of the highest-order mode of the GaAs slab of thickness . Then using well-known slab waveguide equations coupling occurs when for TE polarization (1) and for TM (2) polarization, where , and is the index of the highest-order GaAs slab mode. From (1) and (2), we can see that the tuning of the filtering characteristics is possible by tuning the electrical thickness of one of the waveguides. This requires changing either the thickness or index of refraction of one of the waveguides. The refractive index of the GaAs waveguide can be changed utilizing the well-known electro-optic properties of III-V compound semiconductors. The effective index of the polymer waveguide can also be changed utilizing thermo-optic effects. Therefore, the wavelength at which filtering occurs can be changed electronically.
The bandwidth of the filter depends on the product and the dispersion characteristics of the semiconductor and polymer waveguides. When the filter bandwidth can be expressed as [11] , [12] (3) where is the center wavelength defined by (1) , and are the effective indices of the highest-order GaAs and polymer waveguide modes, respectively. The denominator of this equation is the difference of the dispersion characteristics shown in Fig. 2 . The very different dispersion characteristics of the polymer and semiconductor waveguides allow very narrow bandwidths.
Center wavelength of this filtering can also be tuned by changing the refractive indices of polymer or GaAs. In this case, the shift in the center wavelength is given as [11] , [12] or (4) depending on if the GaAs or the polymer index change is the dominant index change. The same denominator as in (3) appears in this equation, showing that very narrow bandwidth filters fabricated this way are difficult to tune over a wide range, unless large index changes can be created.
It should be emphasized that the novelty of this paper is not the well-known asymmetric directional coupler idea, but the particular way it is implemented. Using a hybrid integration of polymers and semiconductors addresses the difficulties that plagued other technologies. This enables an electronically tunable narrow band filter. Furthermore, the fiber-to-fiber insertion loss is expected to be very low since the polymer waveguide mode shape and the index of refraction closely match that of the fiber.
III. FABRICATION PROCESS

A. Polymer Waveguide Fabrication
The polymers used in the fabrication of the polymer waveguides are benzocyclobutene (BCB) [13] , photo-definable benzocyclobutene (PDBCB) [13] , and polymethylglutarimide (PMGI), known as SF 15 [14] . These polymers are commercially available and are used in various aspects of microfabrication. Prior to fabrication, the refractive index dispersions for these polymers in the spectrum of interest were measured using the spectral ellipsometry technique. Results of this experiment are shown in Fig. 3 . Of these polymers, PDBCB has the highest index and acts as the core material for the polymer waveguides. BCB not only acts as the lower and upper cladding, but also is the glue for further integration of these polymer waveguides with semiconductor waveguides. SF 15 is a deep-UV positive photoresist used to pattern the waveguide structure, and an essential part of the waveguide as the lateral cladding. The refractive indices of all the polymers used are very close to that of the fiber, minimizing facet reflections. Moreover the very small index step between BCB and PDBCB helps to tailor the waveguide mode shape to match the mode of the single-mode fiber. This reduces the coupling losses significantly.
The process flow of the typical polymer waveguide fabrication and cross sectional profile of a partially finished polymer waveguide are shown in Fig. 4 . The substrate is not an essential part of the waveguide, and any material with an optical quality surface can be used. In our experiments we use a semi-insulating (SI)-GaAs substrate, since optical quality facets can be formed very easily by cleaving. In the fabrication process first a thick layer of BCB is spun on the substrate and cured to form the lower cladding. It has also been found that a partial cure of the underlying polymer layers is essential, to enhance the sticking of the proceeding layers. A closed vacuum canister on a hot plate is used for the partial curing of BCB. The temperature of the sample is monitored in-situ using a thermocouple. The curing scheme used involves a 10 C/min ramp to 210 C, a 5 min hold, and a natural cool down yielding a curing rate of less than 80%.
The patterning of the ridges is done using SF 15. A layer of SF 15 is spun on BCB and cured at 200 C for 2 min on a hot plate. The pattern is defined on top of SF 15 using AZ 4210 positive photoresist and conventional contact lithography. The photoresist is then used as the mask for the deep-UV flood exposure, and the ridge openings are then developed using SF 15 developer. After the removal of the photoresist mask, a layer of PDBCB is spun and partially cured to fill the ridge openings. PDBCB as well as BCB has very good gap filling properties after curing. Fig. 4 also shows the SEM picture of a partially completed polymer waveguide, which is taken after the curing of the PDBCB layer, illustrating the uniformity of the core layer.
The last step of the fabrication is the spinning of the upper cladding BCB layer, and the full cure of the whole polymer stack. A N-purged closed-box oven is used for the full-cure. The full-cure scheme used involves a 10 C/min ramp to 250 C, a 60 min hold, and natural cool down. The finished devices are then cleaved and mounted to form optical facets.
B. Hybrid Integration
The GaAs-AlGaAs epilayer structure used in the hybrid integration is shown in Fig. 5 . It is grown on a SI-GaAs substrate using molecular beam epitaxy (MBE). This epilayer structure consists of an undoped 1.89-m thick GaAs layer and three alternating 150-Å thick AlAs-GaAs layers, which we will refer to as the tuning layers. There is a 0.2-m thick AlAs layer between the epilayer and the substrate, which is used as an etch-stop layer for the substrate removal etch. The integration of this structure with the polymer waveguides is done using the upper BCB cladding layer as the glue. The epilayer structure is brought into contact with the polymer waveguides episide down at 165 C. It has been found that BCB loses its viscosity significantly between 160-170 C, enabling the sample to float freely on its surface [15] . This is a key element for a void-free, uniform integration. It also enables us to align the edges of the transfer substrate and epigrown substrate, since the crystallographic alignment of the two samples is crucial to obtain optical quality facets by cleaving. The integration process is then finished by a full cure of the whole structure in N-purged closed box oven. After the cure the growth substrate is etched using a 30:1 H O :NH OH solution. This etch stops on the AlAs layer after the whole growth substrate is removed. The etch stop layer is then removed using 10:1 H O:HF, leaving the thin epilayer bonded to the polymer waveguides. The device is then cleaved and mounted.
C. Electronically Tunable Filter
In addition to engineering a specific filter function, the ability to tune the filter response by electronic means is also very important. This can be done using the electro-optic properties of the semiconductor waveguide or thermo-optic properties of the polymer waveguide. For this purpose a different epilayer structure shown in Fig. 6 is designed and grown on a SI GaAs substrate. The GaAs slab waveguide in the finished device is a --diode; hence, it can be either reverse or forward biased. Under reverse bias there is a vertical electric field between the and layers, which changes the refractive index of the region through the electro-optic effect. Under forward bias current flows between the doped layers through the region, and there is a carrier induced refractive index change in the region. Both effects can be utilized to investigate the feasibility and characteristics of electrical tuning.
In this case, the alignment of the polymer waveguides and the electrodes is needed. This is achieved by fabricating the device, including the polymer waveguides, on the epigrown substrate. In the fabrication first ohmic contacts to the and layers are formed using e-beam evaporation of Ti-Au and AuGe-Ni-Au to the respective layers and annealing. The epilayer is then etched away leaving a 30-m wide GaAs slab waveguide. This step helps to minimize the device area, and to reduce the lateral radiation losses. The polymer waveguides are then fabricated on top of the GaAs slab waveguide as described earlier. Then the whole structure is transferred to a GaAs transfer substrate again using the BCB as the glue. The epigrown substrate is then etched away using the spray etching technique. The device is then cleaved and mounted. Fig. 7 shows the fiber-to-fiber insertion loss of 8-m wide polymer waveguides as a function of the waveguide length for both TE and TM polarization at 1550 nm. The measurements show that the polymer waveguides exhibit an average propagation loss of 1.6 dB/cm and an average coupling loss of 1.1 dB/facet at 1550 nm. The loss birefringence is very small. The low coupling loss is indicative of the good mode shape match of the polymer waveguide and the cleaved optical fiber. The results obtained are consistent with the earlier reported results on similar waveguides [16] , [17] .
IV. EXPERIMENTAL RESULTS
A. Polymer Waveguides
B. Hybrid Filter
The spectral measurement of the hybrid filter shown in Fig. 5 is conducted using a tunable laser with a spectral range of 1500-1580 nm. The fiber-to-fiber insertion loss of the hybrid filter for TM polarization is shown in Fig. 8(b) . The length of the GaAs epilayer was 7.8 mm, which satisfies to a good approximation. During the measurements thickness of the GaAs epilayer was changed by sequentially removing each tuning layer shown in Fig. 5 GaAs, and a 10:1 H O:HF solution is used for AlAs. For each measurement a dip in the transmission through the polymer waveguide is observed. Hence, the device works as a band-stop filter similar to a long period fiber grating filter [18] . This dip is a result of the coupling between the polymer and semiconductor waveguides, which form a highly asymmetric directional coupler as described earlier. Since the effective index dispersion for the highest mode of the GaAs slab depends critically on the thickness, the spectral position of the transmission dip moves to shorter wavelengths with the removal of the tuning layers. As more tuning layers are removed the spectra also gets broader. The measurements show that the center wavelengths of filtering are 1569, 1548, and 1522 nm when tuning layers 1, 2, and 3 are removed sequentially. A comparison of this data, with the calculated results using (2) shows that they agree very well with the experimental results. Graphical representation of this solution is shown in Fig. 8(a) . Any small deviation can be attributed to thickness nonuniformity that might have occurred during the very fast etching of the tuning layers. The broadening of the filter spectra can also be attributed to thickness nonuniformity along the length of the GaAs slab.
The fiber-to-fiber insertion loss is about 6.5 dB. Although this loss is significantly lower than that of a semiconductor waveguide filter, it is still higher than what is expected based on the polymer waveguide results given earlier. This is due to the extension of the GaAs epilayer all the way to the facets. Hence, coupling was not directly into the polymer waveguide. It was into the polymer waveguide capped with GaAs epilayer. This increases the coupling loss. This additional loss can be reduced significantly by tapering the GaAs epilayer using lithography.
Another observation is the polarization dependence of the filtering. For the experiment described in Fig. 8 , TE spectra was flat. The position of the TE transmission dip calculated using (2) was outside the tuning range of the laser used in the experiments. Polarization dependence is a well-known feature for devices involving semiconductors. This issue can be mitigated either using birefringent epitaxial layers or polarization diversity schemes.
Since we can treat the coupled polymer waveguide GaAs slab system as a highly asymmetric directional coupler, we can use the coupled-mode theory to explain the characteristics of such a system. The degree of coupling depends on the product, where is the coupling coefficient and is the length of the epilayer. We took advantage of this fact to experimentally determine the value by curve fitting the experimental spectral response to well-known coupled mode equations for different epilayer lengths. For this purpose, devices are cleaved into different lengths after the removal of the third tuning layer and measured. The results of this approach showed that the for the device is cm . This experimental data agrees very well with the calculated data for shorter length devices. For longer length devices, the experimental data starts to deviate from the theory. This is mainly due to the lateral radiation into the GaAs slab, which is unaccounted for in the theoretical calculations.
These results show that such a hybrid device functions as a band-stop filter. One can also engineer the spectral shape of the filter by changing the thickness of the GaAs epilayer along the polymer waveguide. This can be done as described in this paper, namely using AlAs etch stop layers and GaAs layers of different thickness. Since the thicknesses of these layers are controlled during epitaxial growth, the control of the transmission dip wavelengths can be done very accurately. One can control the degree of the transmission by controlling the length of the epilayer sections having different epilayer thickness. The result could be a desired filtering shape. Such a device, for example, can be used as a compact gain-equalizing filter for erbium doped fiber amplifiers.
C. Electrical Tuning
The spectral measurement of the device under different bias conditions is again conducted using a tunable laser with a spectral range of 1500-1580 nm. Fig. 9 shows the fiber-to-fiber transmission through the polymer waveguide. In this case, fiber-to-fiber insertion loss is about 5 dB. As expected a transmission dip is observed. Center wavelength of the dip shifts linearly to shorter wavelengths with applied reverse voltage. The average spectral shift is found to be 0.1 nm/V for this particular design. In this case, the shift is due to the refractive index change through the linear electro-optic effect. The effective index change of the highest-order GaAs slab waveguide mode can be expressed as (5) where is the index of GaAs, is the bulk electro-optic coefficient of GaAs, is the thickness of the region, and is the overlap of the highest-order GaAs mode with the layer. In turn the shift in the transmission dip corresponding to can be calculated using (4) . Using these equations, we calculate an expected spectral shift of 0.09 nm/V, which is in reasonable agreement with the experimental value. The reason for such a small tuning range is twofold. First, m/V for bulk GaAs is very small. Second, large index dispersion difference between the polymer and GaAs waveguides makes tuning difficult as seen in (4), although it makes the filter bandwidth narrow as indicated by (3) . Larger tuning ranges can be achieved using different material designs, such as quantum wells, and different dimensions. Fig. 10 shows the fiber-to-fiber transmission of the filter under forward bias. As bias current increases the transmission dip moves to longer wavelengths, while the spectral shape remains unchanged. Carrier injection reduces the refractive index in GaAs [19] . This would in turn reduce the effective index of the highest-order mode. An examination of Fig. 2 reveals that the dip position would move to shorter wavelengths. But, the observed shift of the filter spectra to the longer wavelengths is not consistent with the expected effect of carrier induced refractive index change of the GaAs slab. Furthermore, the applied current to the --structure is far below the amount needed to change the refractive index of the semiconductor layer to yield the measured tuning range. The only other effect that would cause a shift to the longer wavelengths is a negative change in the effective refractive index of the polymer waveguide. The thermo-optic coefficients for all the polymers used in the fabrication of the device are negative, implying an increase in temperature would decrease their refractive indices. In our device the heat dissipated through the semiconductor layer via current injection is transferred to the polymer waveguide, decreasing the effective refractive index of the polymer mode. The measurements show that the shift of the filter spectra to longer wavelengths is linear with the power dissipated in the semiconductor. The shift of the transmission dip is 0.1 nm/mW. In this case, heating of the polymer waveguide is not very efficient. One can increase the efficiency of the tuning by fabricating built in heaters next to the polymer waveguide. This makes thermoelectric tuning very desirable for broad tuning applications.
V. CONCLUSION
In this paper, a novel technology to fabricate an asymmetric directional coupler filter was presented. We reported a compact filter fabricated using hybrid integration of compound semiconductors and polymers. A GaAs slab waveguide was integrated with a polymer channel waveguide by gluing the partially fabricated epilayer on a growth substrate onto the polymer waveguide. In this process, the upper cladding of the polymer waveguide was used as glue. Then the growth substrate was removed using a selective etch resulting in a highly asymmetrical directional coupler. This approach resulted in a narrow band filter due to very different dispersion characteristics of the compound semiconductor and the polymer materials. Furthermore, fiber coupling loss was significantly reduced, since the input and output coupling was done through the polymer waveguide. It was shown that the center filter wavelength of such a device could be tuned by changing the thickness of the GaAs epilayer slightly. Furthermore the filtering strength can be controlled by changing the length of the epilayer. As a result the filtering characteristics of such a filter can be engineered by changing the thickness and the length of the semiconductor epilayer. This can be done precisely using etch stop layers and noncritical lithography. The spectral response of such a filter was also tuned electronically both using the electro-optic properties of the compound semiconductor and the thermo-optic properties of the polymer.
